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Abstract
The detection of thrombin by using CdS nanocrystals (CdS NCs), gold nanoparticles (AuNPs) and luminol is investigated in this
work. Thrombin is detected by three methods. One is called the quenching method. It is based on the quenching effect of AuNPs
on the yellow fluorescence of CdS NCs (with excitation/emission wavelengths of 355/550 nm) when placed adjacent to CdS
NCs. The second method (called amplification method) is based on an amplification mechanism in which the plasmonics on the
AuNPs enhance the emission of CdSNCs through distance related Förster resonance energy transfer (FRET). The third method is
ratiometric and based on the emission by two luminophores, viz. CdS NCs and luminol. In this method, by increasing the
concentration of thrombin, the intensity of CdS NCs decreases, while that of luminol increases. The results showed that
ratiometric method was most sensitive (with an LOD of 500 fg.mL-1), followed by the amplification method (6.5 pg.mL-1)
and the quenching method (92 pg.mL-1). Hence, the latter is less useful.
Keywords CdSNanocrystals . Gold nanoparticles . Ratiometric biosensor . Thrombin . Aptamer . Electrochemiluminescence
Introduction
Analysis, detection, and quantification of biomolecules
which have great impacts on people’s health, are often
being carried out by biosensors all around the world
[1–3]. The use of biosensors is not just limited to
health-related applications, it also plays crucial role in
genetic surveillance, food quality, drug monitoring and
environmental monitoring [4–7]. Electrochemical [8–11],
optical [12], and electrochemiluminescent (ECL)
methods are quite common [2]. The ECL technique
has some advantages compared to other methods, mak-
ing it as a promising approach for clinical detection.
Relatively low-cost, versatility, high sensitivity, great
optical amplification setup, low background signal, good
selectivity and biocompatibility, better efficiency, and
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reliability are some of these paramount advantages [3,
13]. Beside all of these, utilizing novel methods in ECL
biosensors make it even more interesting. Conventional
ECL methods have been used extensively by the re-
searcher to detect different types of biomolecules.
Some interesting biosensors which were applied for de-
tection of thrombin, have been highly noticed by re-
search groups in this filed [14–19]. These conventional
techniques include quenching method (QM) and ampli-
fication method (AM) [20, 21]. The QM has very basic
mechanism that uses luminophores to sense target bio-
markers or biomolecules. In this method, more concen-
tration of the target is equal to lesser ECL signal. On
the other hand, in AM, the amplification of ECL signal
of luminophores by the use of nanoparticles (for exam-
ple usage of gold nanoparticles) causes ECL intensity to
become more intense. As indicated by the name of this
method, more target biomolecules would end in higher
ECL signal. These two methods are applied extensively
in immunoassay, DNA detection, cancer screening, and
environmental analysis [22].
We took a further step forward and used a mechanism
called ratiometric method (RM). Ratiometric method, in
which the quantification depends on the ratio of two signals
instead of absolute values of one luminophore, is relatively a
new assay used in biosensing [17, 23, 24]. Here, we applied
CdS nanocrystals (CdS NCs) and luminol as two
luminophores creating ECL signals. The CdS NCs have some
incredible characteristics, which enable them to be quenched
or amplified by gold nanoparticles (AuNPs). When CdS and
AuNPs are in an approximately close range, quenching effects
happen due to the non-radiative energy dispersion and Förster
resonance energy transfer (FRET). In contrast, amplification
phenomenon takes place when AuNPs and CdS are at certain
distance in account of AuNPs- surface plasmon resonance
(SPR). ECL of the CdS induces the SPR of AuNPs, which
in return, amplifies the ECL response of CdS [13]. In this
CdS-AuNPs group, CdS is ECL donor and AuNPs are ECL
acceptors [25, 26].
Thrombin was taken into consideration and measured by
ECL biosensors by utilizing QM, AM and RM strategies.
Thrombin is a serine protease, a well-known target for
anticoagulation and cardiovascular disease therapy, that plays
crucial role in many life processes, including blood coagula-
tion, incrustation and inflammation, and causes some diseases
such as Alzheimer’s [27]. A picomolar level of thrombine in
human blood could cause various illnesses [28]. The blood
detection of thrombin is essential for the assessment of the
effectiveness of therapeutic medicine as well as for the pa-
tients with diseases associated with coagulation abnormalities.
Furthermore, and more importantly, thrombin is used to help
control bleeding during surgery. Therefore, detection and
measurement of thrombin is extremely crucial in research as
well as in clinical diagnosis [26, 29]. Here, we compared the
results recorded for thrombin defection from ECL biosensors
using three different methods: QM, AM, and RM. In the QM,
CdS was immobilized on the electrode and thrombin was
introduced to it using a capture aptamer coupled with
AuNPs. The presence of thrombin ended in adjacent AuNPs
to CdS. In AM, after immobilizing CdS on the electrode sur-
face, thrombin was sandwiched between a capture aptamer
and a reporter aptamer conjugated with AuNPs. The final
approach consisted of both features. In the presence of throm-
bin, CdS was quenched because AuNPs on the capture
aptamer was so close to them, and luminol was introduced
through the complet ion of sandwich format ion.
Subsequently, two ECL signals were detected on the output.
This method worked perfectly since both CdS and luminol
were working with H2O2 as their substrate and have complete-
ly separated triggering potential [13]. The main target of the
present study was to assess which approach is better with
improved performance.
Experimental
Materials and reagents
Labeled DNA oligonucleotides were synthesized according
the sequences represented below and received from Sangon
Biotechnology Co. Ltd. (Shanghai, China):
Aptamer I: 5 −HS − (CH2)6 −GGT TGG TGT GGT
TGG – 3 - biotin
Aptamer II: 5 − biotin − AGT CCG TGG TAG GGC
AGG TTG GGG TGA CT − 3
Tri (2-carboxyethyl) phosphine hydrochloride (TCEP),
gold chloride tri-hydrate (HAuCl4.3H2O), bovine serum albu-
min (BSA, purity ≥98%), cadmium nitrate tetra hydrate
(Cd(NO3)2·4H2O), hydrogen peroxide (H2O2), luminol and
thrombin were purchased from Sigma-Aldrich (St. Louis,
MO, USA, www.sigmaaldrich.com/united-states.html).
Citric acid and trisodium citrate were bought from Merck
(Hohenbrunn, Germany, www.merckmillipore.com).
Streptavidin was obtained from Abcam (Cambridge, USA,
www.abcam.com). Na2S.xH2O (32–38%) was received from
Fluka (Switzerland, www.lab-honeywell.com/products/
brands/fluka). Phosphate buffer solution (PBS) was prepared
by dissolving 0.137 M NaCl, 0.1 M Na2HPO4, 0.0018 M
KH2PO4 and 0.0027 M KCl in one liter distilled water
(DW). NaOH was used to adjust the pH of PBS before storing
it at 4 °C. All chemicals necessary for pH adjustment were
purchased from Merck (Hohenbrunn, Germany, www.
merckmillipore.com).
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Apparatus and equipment
Differential pulse voltammetry (DPV) experiments were
carried out using an Auto-Lab (PGSTAT12 (Eco-chemie,
BV, The Netherlands)) with three conventional elec-
trodes, a glassy carbon electrode (GCE) as working
electrode, an Ag/AgCl as reference electrode, and a
platinum rode as the counter electrode. The ECL mea-
surements were performed in a dark room and at 25 °C
using an Elecsys 2010 (Roche/Hitachi, Mannheim,
Germany). The voltage of the photomultiplier (PMT)
was adjusted to 800 V during the test. Scanning elec-
tron microscopy (SEM) images were taken using a Zeiss
EVO® LS 1 0 (G e rm a n y ) . UV- v i s i b l e a n d
photoluminescence spectra were recorded by Pharma
Biotech (United Kingdom) and JASCO (Japan),
respectively.
All of the synthesis process of CdS NCs, AuNPs and mod-
ification of AuNPs with streptavidin and luminol were ex-
plained in detail in the Electronic Supporting Material
(ESM) section.
Biosensor preparation applying different methods
and their ECL biosensing procedures
The fabrication of the ECL biosensor was performed accord-
ing to Scheme 1 using three different procedures including:
QM, AM, and RM.
In all three methods, the first step was to polish and wash
GCE carefully with alumina powder and DW three times to
obtain a clear and clean surface. Next, 20 μL CdS drop-casted
on the GCE and dried at room temperature. As described
before [30], we activated GCE/CdS prior any further modifi-
cation. CdS is activated by an activating buffer containing
H2O2 and citric acid. This results in 58 times greater ECL
emission in comparison to that of conventional (without acti-
vation) approach. After this step, the first aptamer (the capture
probe I) was immobilized on the engineered electrode by
soaking the GCE/CdS in a 20 μL solution of the aptamer I
(5 μM) for almost 12 h at 4 °C with 100% humidity [13, 31].
For the activation of –SH group on the aptamer I, 25μLTCEP
was utilized. These modification steps were applied for all the
methods utilized for the biosensor fabrication explained
below.
In the QM, streptavidin modified AuNPs (Str-AuNPs) was
added to the GCE/CdS/aptamer I by incubating at 4 °C for 4 h.
Afterward, the electrode was submerged in BSA (1% w/v) to
block any unspecific binding sites. Finally, and after adding
thrombin to the GCE/CdS/aptamer I/AuNPs, the ECL of CdS
was quenched due to the distance related effect of CdS and
AuNPs and the fact that the ECL of CdS was transferred into
AuNPs’ metal core by non-radiative energy dispersion. In
other word, more thrombin is equal to more quenching and
less ECL intensity.
In the AM, after blocking with BSA, thrombin was drop-
casted on GCE/CdS/aptamer I. Next, 20 μL of the designed
aptamer II-str-AuNPs was introduced to the modified elec-
trode upon soaking for 20 min at room temperature with
100% humidity. In this method, more thrombin produced
higher ECL intensity since the ECL of CdS gives rise to more
SPR of AuNPs, resulting in an increase amplifying the ECL
response of CdS.
In the RM, similar to QM, GCE/CdS/aptamer I was incu-
bated with str-AuNPs at 4 °C for 4 h. Afterward, the electrode
was soaked in a BSA (1% w/v) solution to minimize the un-
specific binding. Then, thrombin added to the engineered
electrode. After adding 20 μL aptamer II-str-Lum-AuNPs by
immersing the electrode for 20 min under 100% humidity, the
ECL measurements were performed. Similar to QM, adding
more thrombin resulted in the ECL quenching of CdS, but
here, and unlike the first method, this increment in the throm-
bin concentration resulted in an increase in the ECL of
luminol.
It is worth mentioning that, all the probes and thrombin
were kept at room temperature for 10 min prior to use.
Furthermore, after each step of modification, the electrodes
were washed by immersing in PBS (pH = 7.5) for 10 min in
order to flush the unreacted materials.
The ECL experiments were performed in PBS containing
H2O2 (the co-reactant of both luminol and CdS) from −0.8 to
−1.5 V in QM and AM, and from −1.5 to 0.8 V in the RM at
0.1 V. s−1. During these measurements, the applied potential to
photomultiplier (PMT) was adjusted to 800 V.
Results and discussion
Characterization of the materials
It is important to first evaluate the authenticity of synthesized
materials before using them for engineering a biosensor.
Therefore, we assessed the synthesized CdS, AuNPs, str-
Lum-AuNPs and str-AuNPs by different methods including
SEM, UV-visible and photoluminescence (PL) spectra.
CdS NCs were firstly investigated by taking SEM images.
As it is shown Fig. S1A (see in Supplementary material), the
nanoparticles diameter is about 20 nm. These particles are
spherical. Further assessments were performed by UV-
visible and PL (see in Supplementary material and Fig. S1B
and S1C). A slight peak at 480 nm observed in the UV-visible
spectrum of CdS nanocrystals can be attributed to CdS accord-
ing to the prior studies [32, 33]. The PL spectra (355 nm was
used for excitation) also showed some characteristic peaks at
near 500 nm and a strong emission at 550 nm. These peaks are
unique to CdS nanoparticles synthesized in our paper. Also,
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these data are consistent with other literatures [25, 32].
AuNPs, str-AuNPs and str-Lum-AuNPs authenticity were
evaluated by different methods. SEM images showed the mor-
phology of these synthesized particles. According to Fig. S2A
(see in Supplementary material), AuNPs had spherical shapes
and were around 50 nm. After treating these synthesized
AuNPs with luminol, the size of the nanoparticles became
slightly larger (see in Supplementary material and Fig. S2B).
For the streptavidin modified AuNPs (str-AuNPs), is shown in
Fig. 2c, after modification of streptavidin, the size of the par-
ticles has experienced an increment.
Furthermore, UV-visible spectra of AuNPs was compared
to that of luminol (see in Supplementary material and Fig.
S3A). Acquired spectra showed that while AuNPs had only
a peak at 525 nm (which is due to the SPR on the AuNPs
surface), the luminol-AuNPs created two other absorption
peaks at 300 and 350 nm, while the peak of AuNPs is still
observed at 550 nm. In addition, since AuNPs had no PL
activity, only luminol-AuNPs had an emission on PL spectra
(see in Supplementary material and Fig. S3B).
These data together confirm that AuNPs, str-AuNPs and
str-Lum-AuNPs were synthesized correctly through the
experiments.
Electrochemical characterization of the modified
electrodes
Electrochemical behavior (DPV) of the modified electrodes
(is shown in Fig. 1) using different methods were taken in a
solution of PBS (0.1 M, pH = 7.5) containing the standard
Scheme 1 Schematic illustration
of prepared ECL biosensor in
QM, AM and RM
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solution of 5 mM K4[Fe(CN)6], K3[Fe(CN)6] and 0.1 M KCl
at 100 mV.s−1. As shown in Fig. 1a, in the QM, the peak of the
bare GCE decreased after adding CdS on the electrode as
expected. This is because CdS has insulating characteristics
that hinder the electron transfer. Adding probe I-AuNPs
resulted in an increment in the recorded DPV peak, showing
the effect of AuNPs on facilitating the electron transference
rate. Finally, and after the introduction of thrombin, the DPV
curve and peak were further declined that was attributed to the
attachment of thrombin by the aptamer.
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Fig. 1 The DPV curves of the biosensor in aQM, bAM, and cRMat different preparation steps in PBS (0.1 м, pH = 7.5) containing 5mмK4[Fe(CN)6],
K3[Fe(CN)6] and 0.1 м KCl at scan rate of 100 mV.s
−1 (Insets: The peak current versus preparation steps)
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For the AM (Fig. 1b), the same behavior is predicted.
After adding CdS, probe I and thrombin, the recorded
DPV peaks experienced a decline, while after adding
probe II-AuNPs, a small increment was observed in
the curves.
Finally, for the RM, the changes were the combina-
tion of two previous methods. Briefly, adding CdS,
probe I-AuNPs, thrombin, and probe II-Lum-AuNPs re-
sulted in a decrease, increment, decrease and an ampli-
fication to the DPV peaks (Fig. 1c). Here and at the
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final step, AuNPs played a crucial role as conductors to
heighten the electron transfer.
Electrochemiluminescence characterization
of the organized thrombin biosensor
The ECL characterization of the suggested methods are shown
in Fig. 2. In all the three methods, after drop-casting CdS (step
1), the ECL intensity raised in the presence of H2O2. Separately,
in QM (Fig. 2a), in the second step (adding probe I-AuNPs), the
ECL emission increased, showing the amplification impact of
AuNPs on the ECL of CdS. Obviously and after adding throm-
bin as the main analyte (step 3), the recorded photons decreased
due to the quenching effects of AuNPs on CdS in a close range.
In other words, where thrombin is present, aptamer-thrombin
interaction ended in a folding, bringing the AuNPs close
enough to CdS NCs and quenching the ECL of CdS [27].
According to AM (Fig. 2b), step 2 and 3 (adding Probe I and
thrombin, respectively) ended in further decline in the observed
ECL intensity. Both due to the electron hindrance impacts of
probe I and thrombin. Finally, by introducing probe II-AuNPs
to the modified electrode, the AuNPs-enhanced Raman scatter-
ing made ECL of CdS to be amplified extensively.
In RM, we took advantage of both QM andAM concurrently.
Therefore, after the second step, adding probe I-AuNPs, the ECL
peak experienced an increment due to the SPR effects of AuNPs.
Step 3 made the ECL peak to drop due to the presence of throm-
bin. Thrombin not only did cover the electrode surface and de-
creased electron transfer rate, but also resulted in quenching of
CdS ECL like what happened in QM. Finally, drop casting probe
II-lum-AuNPs decreased the ECL peak of CdS. On the other
hand, an ECL intensity of luminol was observed in the ECL
output. The decrease in CdS ECL intensity because of Probe II,
while approaching a peak in the ECL curves can be interpreted as
the fully introduction of luminol to the electrode surface. These
curves are shown in Fig. 2c. The results of electrochemical char-
acterization confirmed the authenticity of electrode preparation.
Electrochemiluminescence behavior of the planned
immunosensor in ratiometric method
The following details are explained here to better clarify how
the immunosensor in RM works.
Consider the equations pertinent to CdS and H2O2 group:
CdSþ ne−→n CdSð Þ−
H2O2 þ e−→OH− þ OH
CdSð Þ− þ OH→ CdSð Þ* þ OH−
CdSð Þ*→ CdSð Þ þ hv
By applying a negative potential (around −1.2 V), (CdS)•-,
and OH• were produced at the electrode surface. After that,
OH• reacted with (CdS)•- which resulted in the formation of
the (CdS)* excited state. This excited CdS emits photons and
returns to its ground state. One of the advantages of this pro-
cedure is the continuous and free formation of H2O2 by elec-
trochemical reduction of oxygen in aqueous solution [30].
Furthermore, the ECL of CdS nanocrystals can easily be
quenched or amplified when AuNPs are in a close distance
or are in a relatively long distance (in the biomolecules scale).
As mentioned before, the induction of SPR in AuNPs causes
the ECL photons to become bolstered [34].
On the other hand for the luminol and H2O2 groups we
have [35]:
H2O2−e−→
1
2
O●−2 þ H2O
LumH2 þ OH−→LumH− þ H2O
LumH−−e−→LumH●→Lum●− þ Hþ
Lum●− þ O2→O●−2 þ Lum
Lum●− þ O●−2 →LumO2−2
LumO2−2 →AP
2−* þ N 2
Ap2−*→Ap2− þ hϑ 425 nmð Þ
The presence of OH●, O2
●- and singlet oxygen (1O2) are
vital for ECL emission of luminol and therefore enrichment of
them can result in more and more photon emission [36].
According to the equations (in the aqueous solution), at the
electrode surface luminol anion (LumH−) reduces to the
luminol radical anion (Lum●-), followed by further oxidation
of Lum●- to the excited state 3-aminophthalate species
(AP2-*), which can subsequently emit light. Simultaneously
at the electrode surface, oxidation of H2O2 electrode surface
can result in the formation of O2
●-. The formed O2
●- reacts
with L●- and generates AP2-* molecules, resulting in amplifi-
cation of ECL emission [37].
Finding the optimum pH value
The ECL intensity and as a result, the sensitivity of the
immunosensor is highly dependent on pH of the solution.
Effect of pH on the ECL response of the offered methods
was therefore investigated.
In the QM, ECL curves carried out with an electrode with
1000 pg.mL−1 thrombin in a PBS solution containing 25 mM
H2O2 with different pH values from 5.0 to 10.0. The data are
shown in Fig. S4A (see in Supplementary material).
Accordingly, pH = 7.5 was obtained as the optimal value and
used in QM measurements. In the case of AM, the same PBS
with different pH was used and similarly, 7.5 were derived as
the optimum value (see in Supplementary material and Fig.
S4B). As shown in Fig. S4 (see in Supplementary material), as
the acidic environment disrupted the CdS functionality and at
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the same time was harmful for biomolecules like thrombin,
ECL intensity showed an increment in the pH values of 5.0 to
7.5 and then decreased. Also, higher pH values caused an
instability to H2O2. In addition, the biomolecules including
thrombin and probe I and II worked better under physiological
conditions, so higher pHs can result in lower ECL emission.
Finally, for the RM, the electrode containing 100 pg.mL−1
thrombin was placed in PBS (0.1M, 25mMH2O2) with various
pH. The recorded ECL curves and intensities are displayed (see
in Supplementary material and Fig. S4C). Since there are two
peaks in the ECL of RM, the gained pH value is highly depen-
dent on the optimal pH values of both CdS and luminol peaks.
The optimum value for CdS was 8.0, while that of luminol was
obtained at pH= 9.0. Acceleration in formation of luminol radi-
cals from luminol was the reason behind why higher pH values
are equal to more CdS ECL. Because of this, the ECL peak was
achieved higher in higher pH. On the other hand, alkaline envi-
ronments were not good for thrombin and aptamers, so an in-
crease in pH of the PBS was harmful and could lead to lower
emitted photons. Consequently, 8.5 was considered as the opti-
mized pH. These data and conclusions here are consistent with
other literatures [3, 25, 37].
H2O2 concentration optimization
Since the ECL responses of the CdS and luminol are depen-
dent on the H2O2 concentration in PBS, we carried out the
experiments to evaluate and obtain the optimal H2O2 concen-
tration. To do this, in QM and AM, the electrode was prepared
using 1000 pg.mL−1 thrombin and used as the working elec-
trode in a PBS (0.1 M, pH = 7.5) with different concentrations
of H2O2 (5, 10, 15, 20, 25, 30, 35, 40 and 50mM) at 0.1 V. s
−1.
The resulted ECL intensities and peaks are presented in
Supplementary material, Fig. S5A and Fig. S5B, respectively.
Increasing the concentrations of H2O2 to 20 mM led to an
increment in ECL peaks, while further increment did not af-
fect the peaks so much. In other words, the peaks stood still.
The reason of such behavior can be related to the saturation of
H2O2 reactions on the electrode surface which resulted in a
constant number of CdS excited state molecules and conse-
quently, a steady ECL intensity to be recorded. Based on these
data, the optimum concentration of H2O2 for both QM and
AM was 20 mM.
The same test was carried out for RM with an electrode set
using 100 pg.mL−1 of thrombin (see in Supplementary
material and Fig. S5C). Similar to the QM and AM methods,
the peak of CdS increased first and then reached a plateau.
Based on these peaks, 25mMwas obtained as optimum value.
But the optimum value for the luminol peak was 30 mM.
Since there were not observed significant differences between
the peaks recorded for 25 mM and 30 mM CdS, then the
30 mM concentration was as optimum concentration for
H2O2 experiments and used in all RM tests.
Immunosensor performances
Performance was evaluated under optimized conditions as
follow.
a. Quenching Method:
The electrode was prepared using different concentrations
of thrombin in PBS (0.1 M, pH = 7.5) in the presence of
20 mM H2O2. The ECL responses and peak intensities gath-
ered fromCdS NCs in QM are shown in Fig. 3a. It can be seen
that higher thrombin concentrations (from 500 to
5000 pg.mL−1) led to lower ECL peaks. It was obvious that
more thrombin supplied on the electrode can result in more
CdS molecules being quenched by AuNPs adjacent to them.
The associate LOD of the QM calculated was as 92 pg.mL−1.
b. Amplification Method:
In this method, the electrode was engineered with different
concentrations of thrombin including 50, 100, 150, 200, 250,
500 and 1000 pg.mL−1. Unlike the QM, here the ECL peaks
experienced a raise while the concentration of thrombin in-
creased (Fig. 3b). This behavior is due to the fact that higher
concentration of thrombin on the electrode causes more CdS
NCs to be amplified through SPR of the AuNPs (because they
are in specific distance with each other) by providing possible
SPR. This, in turn, enhances the performance. The LOD for
this method was about 6.5 pg.mL−1 which indicated a better
performance compared to QM.
c. Ratiometric Method:
In this method, the electrode was designed with different
concentrations of thrombin (5, 10, 20, 25, 50, 100, 200 and
500 pg. mL−1) and their ECL intensities were measured. As
shown in Fig. 4a and b, higher concentration of thrombin
resulted in higher luminol’s ECL peak and at the same time,
lower CdS’s ECL intensity. The luminol of ECL was in-
creased because more thrombin enhancing luminol concentra-
tion to the electrode surface and more photons are being emit-
ted from luminol. The ECL of luminol was also enhanced
because of the presence of AuNPs at the end of probe II near
luminol. These AuNPs played conductors role and facilitated
the electron transfer rate. On the other hand, due to the
quenching effect of AuNPs on CdS ECL through Förster res-
onance energy transfer (FRET), the ECL of CdS NCs was
reduced since more thrombin, means more folded probe I,
and consequently more AuNPs close to CdS. This method
can be used in account of the fact that, both ECL of luminol
and CdS can be distinguished clearly and there was almost no
interference between these two. The ECL of CdS was ob-
served at −1.25 V, while that of luminol was observed near
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0.4 V. The LOD of this RM was calculated based on the ECL
intensity of luminol/ ECL intensity of CdS. This LOD was
about 500 fg.mL−1. Table 1 compares the results got in the
current work with those for thrombin detection from literature.
When it comes to comparison, it is obvious that the perfor-
mance of the RMwas better than quenching and amplification
methods. The recorded LODs sustain the RM method perfor-
mance. This behavior is explained by the fact that in our RM,
when two luminophores (luminol and CdS) were used, the
emitted photons were more effective than in the case when
CdS was used alone. In other words, in the QM, the presence
of thrombin was detected indirectly (through the quenching of
CdS), while in the AM, the presence of thrombin was directly
monitored (more thrombin equals to more CdS ECL intensi-
ty). However, in the RM, not only the presence of thrombin
was measured through luminol ECL directly, but it was also
being detected indirectly through ECL of CdS, at the same
time. As a result of this, more accurate data were gathered
from RM which resulted in better and highly sensitive
detection. In other words, the presence of thrombin was dou-
ble checked using RM. In the QM and RM, the detection was
usually based on a single emission intensity changes which
can be affected by false positive or negative errors due to
instrumental efficiency or some environmental changes.
Furthermore, the use of AuNPs-luminol amplified the ECL
of luminol.
Interference study for the ratiometric method
For the selectivity test, the interference impact of different
agents was investigated for the fabricated biosensor in RM.
These interfering agents were IgG, bovine serum albumin
(BSA) and human serum albumin (HSA). To compare the
modified electrode selectivity, the results achieved by the
presence of these agents were compared to that of
100 pg.mL−1 thrombin. Figure 5 shows that there was almost
no luminol peak intensity when interfering agents were used,
while very intense peaks of CdS were observed. Similarly,
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Fig. 3 The performance of the thrombin biosensor in detection of
different concentrations of thrombin in a Quenching Method and b
Amplification Method. Insets are the calibration curve for the QM and
AM, respectively. Experiments were carried out in PBS (0.1 м, pH = 7.5)
containing 20 mм H2O2 at 0.1 V.s
−1 in QM and AM
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when no thrombin was immobilized on the electrode, the peak
for luminol was almost subtle. These data indicated that the
engineered biosensor showed almost no response to the other
proteins.
Determination of thrombin using the ratiometric
method in real samples
The performance of the electrode was further evaluated in real
samples containing different concentrations of thrombin. In
this sense, different electrodes were prepared by various
thrombin samples. The samples were prepared by standard
addition method. The data gained from these electrodes are
summarized in Table 2. It can be seen that the biosensor had
high performance when used in real samples. The calculated
RSD ranged between −3.97 and 7.68% that is satisfactory.
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Table 1 Performance of the thrombin biosensor designed in this article
compared with those introduced in other reported literatures
Type of the ECL biosensor Detection Limit Reference
Quenching ECL 10 nM [38]
Quenching ECL 1.7 pM [39]
Ratiometric ECL 4.2 fg/mL [40]
Amplification ECL 0.21 nM [28]
Amplification ECL 6.3 pM [41]
Quenching ECL 1.7 pM [29]
Amplification ECL 2 pM [27]
Quenching ECL 92 pg.mL−1 (≤2.6 pM) This Work
Amplification ECL 6.5 pg.mL−1 (≤0.18 pM) This Work
Ratiometric ECL 500 fg.mL−1 (≤0.014 pM) This Work
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Conclusion
Thrombin was detected by using three different ECL
methods. The technique containing CdS-AuNPs group
has a unique characteristic: when it is in a close approx-
imate, the ECL of CdS was quenched by AuNPs, and
when in a specific distance, the ECL intensity would be
amplified by SPR of AuNPs. In the first method,
quenching method (QM), we used the quenching
mechanism and measured thrombin in low concentration.
In the second one, amplification method (AM), the second
characteristic of CdS-AuNPs group was exploited. In this
approach, by utilizing a sandwich type aptamer-based bio-
sensor, we put AuNPs in a distance with CdS which end-
ed in an ECL intensity amplification. The third method
presented which is called a ratiometric method (RM), the
biosensors benefited from both ECL of CdS (quenching)
and ECL of luminol. The mechanism could be summa-
rized as follows: thrombin was present at the electrode,
through folding the capture aptamer, CdS photons were
quenched and luminol emitted photons started to get pro-
duced. This procedure was found to be a useful approach
in future diagnosis since it showed great selectivity and
good authenticity in real samples. We anticipate that
employing enhanced ECL for luminol (using luminol
and HRP together) and the use of other materials (such
as graphene derivatives, nonporous or/and nanoparticles)
in fabrication leads to even more powerful analytical
tools. The assessment of the drawbacks for the presented
work highlighted the limitation due to the inaccessibility
to ECL equipment and lack of specificity study of
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in PBS (0.1 м, p = 8.5) containing
30 mм H2O2
Table 2 Detection of thrombin by the biosensor in spiked real samples
Added
concentration
(pg.mL−1)
log
(luminol/CdS)
Found
concentration
(pg.mL−1)
%
Recovery
130 0.842 136.6 105.12
75 0.597 78.3 104.44
15 −0.882 16.1 107.68
4.5 −1.688 4.4 97.86
390 1.841 374.5 96.03
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thrombin in the presence of its initiator, prothrombin and
other related blood coagulation factors.
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